6. Tetraethylammonium (TEA; 30 mM) reduced the voltage-dependent current by 75% (Kd = 3.3 mm, 5 cells) while a maximal concentration of 4-aminopyridine (4-AP; 10 mM) blocked only 40 % of the current. TEA alone had as much effect as TEA and 4-AP together, suggesting that there are at least two components to the voltage-sensitive K+ current.
7. These results suggest that lymphatic smooth muscle cells generate a Ca2+-activated current, largely mediated by large conductance Ca2+-activated K+ channels, and several components of voltage-dependent outward current which resemble 'delayed rectifier' currents in other smooth muscle preparations.
We are at an interesting stage in the study of the lymphatic system in that it is now widely accepted that there is an intrinsic pump and that this is important for normal lymph drainage but there is little detailed knowledge of how the lymph pump works. We have, for example, very little information on the basic electrical properties of lymphatic smooth muscle and most of what is known derives from experiments using the sucrose gap (Kirkpatrick & McHale, 1977; Allen, Iggulden & McHale, 1986; McHale, Allen & Iggulden, 1987) (McHale, Carl & Sanders, 1989; McHale, 1990 ) this technique has not been successfully applied to the study of lymphatic smooth muscle largely due to the difficulty of isolating viable smooth muscle cells from the dense collagen matrix in which they are embedded. In the present study we have overcome some of these difficulties and used the whole-cell patchclamp technique to study membrane currents in isolated smooth muscle cells from sheep mesenteric lymphatics. A preliminary account of this work has been communicated to The Physiological Society (Cotton, Hollywood, McHale & Thornbury, 1996a) .
METHODS
Mesenteric lymphatics of sheep of either sex were obtained from an abattoir approximately 15 min after slaughter and transported to the laboratory in Krebs solution at 37 'C. They were dissected free from the mesenteric fat and either used immediately, or stored at 4 'C for use the following day. Several 2-3 cm lengths of lymphatics were cut into small (< 1 mm3) pieces and smooth muscle cells were isolated from these by incubation in a dispersal medium containing (Carl & Sanders, 1990) . The methods used to measure macroscopic membrane currents were similar to those described previously (Cotton, Hollywood, Thornbury & McHale, 1996b In the single-channel experiments voltage commands were applied using pCLAMP ramped potentials (Carl & Sanders, 1990) . Activation curves were calculated by averaging current responses to fifteen potential ramps and dividing each data point of the averaged current by the single-channel amplitude at that holding potential after leakage current correction. The rate of change of the applied ramp potentials (100 mV s-') was sufficiently slow for the activation curves not to be distorted by the time constants of activation or deactivation (Carl & Sanders, 1990 and, although it also reduced the inward current, there was also an inward component which was resistant to this drug (Fig. 1A, bottom panel) . Evidence presented in the following paper (Hollywood, Cotton, Thornbury & McHale, 1997) suggests that this remaining current is carried by Na+ ions. A mean current-voltage relationship is shown for the peak outward current in nine cells in Fig. 1B . This current was large and activated at around -30 mV. The mean current was enhanced by Bay K 8644 and markedly depressed by nifedipine, suggesting that it was dependent upon an influx of Ca2+. The most obvious candidate for the channel mediating such a current is the large conductance Ca2+-dependent K+ channel (BK channel). To investigate this possibility the effect of iberiotoxin, a selective blocker of these channels, was examined.
In the experiment shown in Fig. 2A Figure 2C is a summary of the effect of iberiotoxin in eight cells where this protocol was followed.
The data were fitted with a Langmuir equation of the form:
'drug/icontrol = (1 -C)/(1 + ([drug]/Kd) + C where Kd is the dose for half-maximal effect and C is the residual current at supramaximal concentrations. This gave a Kd of 36 nm, and residual current of 11 % of control. We also found that the effect of another BK channel blocker penitrem A was indistinguishable from that of iberiotoxin with its maximal effect occurring at a concentration of 100 nm (Fig. 2D ). Penitrem A was used in subsequent experiments for reasons of economy. Figure 2 . Effects of iberiotoxin and penitrem A on outward currents A, control currents were recorded in the absence of drugs by stepping from -70 to +70 mV in 10 mV steps. Iberiotoxin (IbTX, 300 nM) greatly reduced the current throughout the potential range. B, the dose-response relationship was determined by stepping repeatedly to +30 mV and exposing the cell to increasing doses of iberiotoxin. C, summary data from 8 cells where the above dose-response protocol was followed. The current (I) recorded during each dose was normalized by expressing it as a fraction of the current in the absence of iberiotoxin ('max Fig. 3C ) of the form:
where N is the number of channels in the patch, p0 is the single-channel open probability, n is the maximal Np0, K-' is the steepness of the voltage-dependent activation (change in potential necessary to cause an e-fold increase in activation) and V& is the voltage at which there is halfmaximal activation. Table 1 Voltage-dependent K+ currents Under the conditions of the above experiments, the predominant outward current appeared to be mediated by BK channels. However, there was also another, small component of outward current which persisted in the presence of iberiotoxin or penitrem A. The nature of this current was further investigated in experiments throughout this section with the BK current blocked with penitrem A (100 nM), and the inward currents blocked with TTX (1 /,M), nifedipine (1 ,UM) and Ni2+ (100 ,UM). This current demonstrated the property of voltage-dependent inactivation which was studied by holding the cell at conditioning potentials ranging from -110 to -10 mV for 2 s, before stepping to a test potential of +30 mV (Fig. 4A) . The example shows that after holding at the more negative potentials the step to +30 mV evoked a current which Fig. 4A ). As the cell was progressively held at more positive conditioning potentials, the outward current evoked at +30 mV was reduced. Figure  4B shows the voltage-dependent inactivation curve obtained by plotting the normalized peak current evoked at +30 mV against the previous conditioning potential in five cells. In an attempt to dissect out different components of the voltage-dependent current, the effects of the K+ channel blockers TEA and 4-AP were examined. The dose-response relationship for TEA was investigated by examining its effect on current evoked at test potentials of +30 mV (from 2 s conditioning potentials of -100 mV). A typical example is shown in Fig. 5A where it is clear that 1-30 mm TEA caused a dose-dependent decrease in the current. Summary data from five experiments is shown in Fig. 5B where the data was fitted using the Langmuir equation (see above) to give a Kd of 3-3 mm. The effect of TEA was seen throughout the range of potentials over which the voltage-dependent outward current was evoked.
Dose-response experiments were also carried out with 4-AP, where it was found that the threshold dose was 0 3 mm, and the maximal effect occurred in the range 3-10 mm (3 cells, example Test potential (mV) Figure 6 . Effect of 4-AP on voltage-dependent outward current A, cell was stepped repeatedly to +30 mV from a holding potential of -100 mV, and exposed to increasing doses of 4-aminopyridine (4-AP Fig. 7 . In Fig. 7A currents were evoked by stepping to +30 mV from a conditioning potential of -100 mV. The current was reduced by approxit-ately 40 % on exposure to a near-maximal dose of 4-AP (3 mM), and further reduced by a near-maximal dose of TEA (10 mM). The drugs were then washed out and the current returned to its previous level (Fig. 7B, control Figure 7 . Differential effects of 4-AP and TEA on voltage-dependent outward current A, currents were evoked by stepping to +30 mV from a conditioning potential of -100 mV. The current was reduced by approximately 40% on exposure to 4-AP (3 mM), and further reduced by TEA (10 mM). B, same cell after drugs were washed out. The cell was then exposed to TEA (10 mM), which reduced the current by 70%, but subsequent addition of 3 mm 4-AP had little further effect. C and D, summary data from 6 experiments similar to those presented in A and B. Mean + S.E.M. of the peak current is shown in each case (* significantly different from control, P < 0 05). fairly long (40 min) digestion procedure, have now proved a useful source of single lymphatic smooth muscle cells for patch-clamp studies. Although our cell yields are low, as might be expected from preparations in which the muscle layer is some 3-4 cells thick (unpublished observations) it has proved possible to obtain enough cells to allow a characterization of their membrane currents.
We have demonstrated that these cells contain several inward currents (Hollywood et al. 1997 ) and a variety of outward currents, including a Ca2+-sensitive current, and a voltage-dependent current which itself probably consists of more than one component. The Ca2+-sensitive current observed under the conditions of our experiments appears to be mediated mainly by large conductance Ca2+-activated K+ channels (BK channels) as (1) it was sensitive to both iberiotoxin and penitrem A, which are thought to be highly selective blockers of these channels (Garcia, Galvez, GarciaCalvo, King, Vazquez & Kaczorowski, 1991; Knaus et al. 1994) , and (2) large channels with the characteristics of BK channels were present in inside-out patches derived from lymphatic cell membranes and, indeed, were by far the most prominent channel observed. The average conductance of 304 pS is at the upper end of the conductances described for other BK channels, which typically range from 200 to 300 pS (Carl, Lee & Sanders, 1996) . This can probably be explained by the fact that our recordings were made at 37°C, rather than room temperature, since temperature is known to affect the conductance of these channels (Barrett, Magleby & Pallotta, 1982) . We have previously described a 298 pS Ca2+-activated K+ channel in sheep bladder muscle cells under similar recording conditions, suggesting that the BK channels are similar in both of these tissues (Cotton et al. 1996 b) .
The BK current predominated in whole-cell experiments, accounting for up to 90 % of the outward current, even though the pipette solution contained 1 mm EGTA. The ability to see this current in several other preparations depended on using lower pipette EGTA concentrations (e.g. Thornbury, Ward & Sanders, 1992a) , but it has also been observed in smooth muscle cells using concentrations similar to ours (Beech & Bolton, 1989 b) . These differences may reflect differences in subcellular structure (such as coupling of Ca2+ and BK channels or accessibility of the submembrane space to EGTA) or could conceivably depend upon differences in the sensitivity of the BK channels to
Ca2+. The Ca2P sensitivity may be defined in terms of the shift in V½ per 10-fold change in [Ca2+] , ('AV'7'; Carl et al. 1996) . In our experiments A'V½ was 146 mV, which places lymphatic BK channels amongst the most Ca2P sensitive (Carl et al. 1996) , although this may also partly reflect the fact that the experiments were carried out at 37°C. (Lang, 1989; Imaizumi, Muraki & Watanabe, 1990) , rabbit portal vein (Beech & Bolton, 1989a) , rat ileum (Smirnov, Zholos & Shuba, 1992) and guinea-pig proximal colon (Vogalis, Lang, Bywater & Taylor, 1993) , while examples of the latter are found in rabbit pulmonary artery (Okabe, Kitamura & Kuriyama, 1987) , rabbit portal vein (Beech & Bolton, 1989b) , and canine proximal colon (Thornbury et al. 1992a; Thornbury, Ward & Sanders, 1992b; Carl, 1995) . The current described in the present study falls more readily into the second group as it inactivated with a time constant of around 100 ms and had an inactivation V½ of -41 mV. In most of our experiments 4-AP had little differential effect on peak current at the beginning of the 500 ms test pulse compared with the sustained current at the end of the pulse (Fig. 6A-C) , thus providing little evidence of selective blockade of a transient current (Lang, 1989 (Carl, 1995) . Allen & McHale, 1988) . Since TEA is a potent blocker of BK channels (see Carl et al. 1996) as well as the voltagedependent K+ current, its effect on the action potential is difficult to interpret. Interestingly, 4-AP had little effect on evoked action potentials in bovine lymphatics (Allen & McHale, 1988) , although it depolarized them and increased their firing rate (Ward et al. 1991 ). This is difficult to reconcile with the finding that 4-AP blocked a component of delayed rectifier current, but did not affect the holding current at potentials near the resting potential (-60 mV) . Further investigation will be necessary to determine whether this discrepancy may be explained by species differences or by other factors such as different experimental conditions. MCHALE, N. G. & THORNBURY, K. D. (1986) . A method for studying lymphatic pumping activity in conscious and anaesthetized sheep. 
